This Page Is Inserted by IFW Operations 
and is not a part of the Official Record 

BEST AVAILABLE IMAGES 

Defective images within this document are accurate representations of 
the original documents submitted by the applicant. 

Defects in the images may include (but are not hmited to): 

• BLACK BORDERS 

• TEXT CUT OFF AT TOP, BOTTOM OR SIDES 

• FADED TEXT 

• ILLEGIBLE TEXT 

• SKEWED/SLANTED IMAGES 

• COLORED PHOTOS 

• BLACK OR VERY BLACK AND WHITE DARK PHOTOS 

• GRAY SCALE DOCUMENTS 



IMAGES ARE BEST AVAILABLE COPY. 



As rescanning documents will not correct images, 
please do not report the images to the 
Image Problem Mailbox. 



m 



(19) 




Eur paisch s Patentamt 
Eur pean Pat nt Offic 
Offic eur p 'cnd s br vets 



(11) 



EP 1 045 330 A3 



(12) 



EUROPEAN PATENT APPLICATION 



(88) 


Date of publication A3: 


(51) lntCl7: G06K7/10 




14.11.2001 Bulletin 2001/46 






(43) 


Date of publication A2i 
18.10.2000 Bulletin 2000/42 






(21) 


Application number: 00303091.3 






(22) 


Date of filing: 12.04.2000 






tQA\ 

(84) 


Uesignatea uoniraciing oiaies. 


(72) 


Inventors: 




AT BE CH CY DE DK ES Fl FR GB GR IE IT LI LU 


• 


Gardner, Richard Lynn, Jr. 




MC NL PT SE 




Greeley, Colorado 80634 (US) 




Designate(d Extension States: 


• 


Johnson, Kristlanne Emma 




AL LT LV MK RO SI 


• 


Fort Collins, Colorado 80525 (US) 
Pennington, Roy Edwin 


(30) 


Priority: 13.04.1999 US 292781 




Loveland, Colorado 80538 (US) 


(71) 


Applicant: Hewlett-Packard Company, 


(74) 


Representative: Powell, Stephen David etal 


A Delaware Corporation 




WILLIAMS, POWELL & ASSOCIATES 




Palo Aito. CA 94304 (US) 




4 St Paul's Churchyard 






London EC4M 8AY (GB) 



(54) Low power illuminator 

(57) An Illuminating device (320) comprises a light 
source (400) associated with a lens (510) having an in- 
t grallyfonned reference surface (580) to which the light 
source (400) is attached. The light source (400) is a lin- 
ear array (432) of surface mount light-emitting diodes 
(430) that emit light in a direction parallel to the surface 



(424) to which they are mounted. The precise location 
of the light source (400) relative to the lens (510) con- 
centrates the light emitted from the light source (400) 
onto the object which is to be illuminated, thus reducing 
the intensity of light required and the power requirement 
of the light source (400). 
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(54) Micro-iens, combination micro-iens and vertical cavity surface emitting laser, and methods 
for manufacturing the same 



(57) A micro-lens formed by etching a semiconduc- 
tor member (10) in a chemical etching solution, which 
contains an etchant causing diffusion-limited etching to 
the semiconductor, using an etching mask (20) having 
an opening (h) defining a portion of the semiconductor 
member to be a convex surface of the micro-lens. Also 

FIG. 



disclosed is a combination micro-lens and vertical cavity 
surface emitting layer (VCSEL) in wrhich a micro-lens is 
formed at a window region of a laser emitting surface by 
the diffusion-limited etching. 
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Description 

[0001] The present invention relates to a micro- 
lens, a combination micro-lens and vertical cavity sur- 
face emitting laser (VCSEL), and methods for manufac- 
turing the same, and more particularly, to a micro-lens 
and a method for manufacturing the same, in which the 
micro-lens is formed on a semiconductor substrate by 
wet chemical etching, and a combination micro-lens 
and VCSEL and a method for manufacturing the same, 
in which a micro-lens is formed at a light emitting sur- 
fac of a VCSEL so that a laser beam can be con- 
densed by and emitted through the micro-lens without 
n ed for a separate condensing lens. 
[0002] Recently, in the optical communications sys- 
tem field, interest has been increasing in lens systems 
for use in micro-light devices. In particular, research into 
a convenient method for manufacturing small lens sys- 
tems and an efficient technique for coupling a micro- 
lens and a micro-light device are actively being con- 
ducted. 

[0003] For example, in Electronics Letters Vol. 
24(2), pp. 109-1 10, January, 1988, a technque for inte- 
grating and manufacturing a micro-lens on the surface 
of a GalnAs/lnP photo diode has been proposed. 
According to this technique, a photoresist mask is used 
to define a micro-lens area on a substrate, and an argon 
(Ar) ion beam etching technique is adopted to shape the 
lens. 

[0004] However, the problem with this technique is 
contamination of a vacuum chamber by a high-concen- 
tration of Ar ions therein which hits the photoresist mask 
during etching. In addition, the technique can only be 
innplemented through multiple processing steps with 
expensive manufacturing equipment, which makes the 
manufacturing process complicated and increases the 
manufacturing cost. Furthermore, the disclosed tech- 
nique is not enough to provide a smooth surface of the 
tens, which has been evidenced by the scanning elec- 
tron microscope (SEM} photo in the disclosure. 
[0005] Wet chemical etching applicable to a semi- 
conductor device manufacturing process is roughly 
classified into reaction-limited etching and diffusion-lim- 
ited etching. Reaction-limited etching refers to a type of 
wet etching based on the chemical reaction itself 
between a chemical solution and a semiconductor sub- 
strate, to which most forms of wet etching performed in 
common semiconductor processing belong. The chem- 
ical reaction depertds on the type of material used for 
the substrate arxj the composition of chemical solution 
selected, and thus the etching process can be appropri- 
ated controlled by varying these two factors. 
[0006] Diffusion-limited etching, tie use of which is 
limited only to a specific structure, not for common sem- 
iconductor manufacturing processes, Is based on diffu- 
sion of an etchant. A typical example of the chemical 
solution for this diffusion-limited etching is an aqueous 
bromide (Br2) solution. This solution has no etching 



selectivity with respect to a target to be etched and 
unconditionally collides the surface of exposed semi- 
conductor substrate by diffusion. Because of the etch- 
ing principle based on the diffusion of bromine, the 

5 etching rate increases in the area where a large amount 
of bromine is provided by active diffusion of bromine. 
Meanwhile, in the area where the diffusion activity of 
bromine is relatively low and a small amount of bromine 
exists, the etching rate decreases. These etching prop- 

10 erties of bromine have hindered the application of tine 
diffusion-limited etching to the manufacture of semicon- 
ductor devices. 

[0007] On the other hand, vertical cavity surface 
emitting lasers (VCSELs). which emit a light beam 

15 through a semiconductor material stack, are easy to 
combine with another optical element and can be easily 
assembled Into an apparatus, and can also be con- 
structed to have a two-dimensional array, and thus 
VCSELs have wide applications. For example, tiie 

20 VCSEL can be used as a light source in optical trans- 
mission systems, such as optical communications or 
interfacing using optical signals, and as a light source 
for optical heads in recording/reproducing apparatus. 
[0008] Referring to Figure 1 , a conventional VCSEL 

25 comprises a substrate 5; a lower reflector 1 . an active 
layer 2, a high-resistance region 3 and an upper reflec- 
tor 4 sequentially stacked on the substrate 5; an upper 
electrode 6 formed on a portion of the upper reflector 4, 
exclusive of a window 8 through which a laser beam is 

30 emitted; and a lower electrode 7 formed underneath the 
substrate 5. 

[0009] Each of the lower reflector 1 and the upper 
reflector 4 is a distributed Bragg reflector (DBR) which is 
a stack of semiconductor material layers having differ- 

35 ent refractive irxJexes, but has an opposite conductivity 
type. For example, the substrate 5 and the lower reflec- 
tor 1 are doped with the same type of impurity, for exam- 
ple, n-type, and the upper reflector 4 is doped with tiie 
otiier kind of impurity, for exanple, p-type. 

40 [0010] The high-resistance region 3 guides flow of 
current passed through the upper electrode 6 and lower 
electrode 7 into the center of the active layer 2. The 
active layer 2 is a region where light is generated by 
combination of holes and electrons from the upper and 

45 lower reflectors 4 and 1, which is induced by current 
applied from the upper and tower electrodes 6 and 7. 
[0011] Light generated in the active layer 2 Is 
reflected repeatedly between tiie upper and lower 
reflectors 4 arxi 1 and only a light beam having a wave- 

50 lengtii in accordance with the resonance condition 
remains, and emitted through the window 8. 
[0012] However, in the conventional VCSEL having 
the aforementioned structure, the laser beam emitted 
through the window 8 has a predetermined radiation 

55 angle due to the small size of the window 8, so that a 
condensing lens is required for condensing the diver- 
gent light from tiie VCSEL. For example, when such a 
conventional VCSEL is adopted as a light source for an 
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optical transmission system with an optical cable, a con- 
densing lens for condensing a divergent beam is 
required between the VCSEL and the input terminal of 
the optical cable, for efficient optical coupling therebe- 
tween. 

[0013] As another example, the conventional 
VCSEL can be adopted as a light source for an optical 
head in a recording/reproducing apparatus, which 
records/reproduces information on/from a recording 
medium, such as an optical disc, in a non-contact man- 
ner. In this case, such a condensing lens for condensing 
divergent light from the VCSEL is also required. 
[0014] Briefly, since the conventional VCSEL emits 
the divergent light through a window, a separated con- 
densing lens for enhancing optical coupling efficiency 
between a VCSEL and an optical element is required. 
Also, the condensing lens must be aligned with the cen- 
tral optical axis of the laser beam from the VCSEL by 
additional steps, which results in a complicated assem- 
bly process. 

[0015] An aim of the present invention is to provide 
a miCTO-lens addressing the problems of the prior art as 
described above or otherwise. Another aim of the 
present invention is to provide a simple method for man- 
ufacturing a high-quality micro-lens. 
[001 6] Yet another aim of the present invention is to 
provide a combination micro-lens and vertical cavity 
surface emitting laser (VCSEL) and a method for manu- 
facturing the same, whereby a separate condensing 
lens and additional steps for aligning the condensing 
lens with the optical axis of a laser beam from the 
VCSEL are not required. 

[0017] In one aspect of the present invention there 
is provided a micro-lens comprising: a lens body mem- 
ber; and a micro-lens surface having a curvature, 
formed by etching the lens body member to have con- 
vex surface by diffusion-limited etching using an etching 
mask having an opening exposing a portion of the lens 
body to be the micro-lens. 

[001 8] Also according to the present invention there 
is provided a method for manufacturing a micro-lens 
comprising: forming an etching mask having an opening 
exposing a portion of a lens body meter to be the micro- 
lens, on the lens body member; preparing a chemical 
etching solution containing an etchant causing diffu- 
sion-limited etching to the lens body meter; and etching 
the lens body meter in the chemical etching solution 
such that the surface of the lens body meter exposed by 
the opening of the etching mask becomes convex. 
[0019] Preferably, the tens body member is formed 
of at least one semiconductor material selected from 
the group consisting of silicon and a lll-V compound 
including indium phosphide, gallium arsenide, indium 
arsenide, gallium phosphide, indium gallium phosphkie. 
Indium gallium arsenkJe and aluminum gallium arse- 
nkle. 

[0020] Preferably, the diffusion-limited etching is 
achieved by diffusion of bromide, and the chemical 



etching solution is a bromine solution diluted with deion- 
ized water, a mixture of hydrogen bromide solution, 
deionized water and hydrogen peroxide water, or a mix- 
ture of hydrogen bromide solution, deionized water, and 
5 an acid. 

[0021] Also, the chemical etching solution prefera- 
bly contains a solvent having a higher viscosity than 
water to retard diffusion of etchant contained therein, 
which allows for easy etching control. For example, the 

10 chemical etching solution may be a mixture of bromine 
and glycerine, a mixture of hydrogen bromide solution, 
glycerine and hydrogen peroxide water, or a mixture of 
hydrogen bromide solution, glycerine and an acid. 
[0022] According to a second aspect of the present 

15 invention there is provided a combination micro-lens 
and VCSEL. in which a laser beam generated through a 
VCSEL is condensed and emitted through a micro-lens, 
comprising: a substrate: a lower reflector formed on the 
substrate, the lower reflector having a relatively high 

20 reflectivity; an active layer formed on the lower reflector, 
for generating a light beam by combination of electrons 
and holes; an upper reflector formed on the active layer, 
the upper reflective layer having a relatively lower reflec- 
tivity than the lower reflector: a lens layer having the 

25 micro-lens with a curvature, formed by depositing a 
laser-transmitting material on the upper reflector and 
etching a window region at the lens layer through which 
the light beam is emitted, to have the surface curvature 
by diffusion-limited etching; an upper electrode formed 

30 on the portion of the lens layer, exclusive of the window 
region of the lens layer; and a lower electrode formed 
underneath the substrate. 

[0023] Also according to the present invention there 
is provided a combination micro-lens and VCSEL, in 

35 which a laser beam generated through a VCSEL is con- 
densed and emitted through a micro-lens, comprises: a 
substrate having the micro-lens with a curvature, 
formed of a laser-transmitting material and a window 
region of substrate through which the light beam is emit- 

40 ted, being etched to have the surface curvature by diffu- 
sion-limited etching; a lower reflector formed on the 
substrate, the lower reflector having a relatively low 
reflectivity; an active layer formed on the lower reflector, 
for generating a light beam by combination of electrons 

45 and holes; an upper reflector formed on the active layer, 
the upper reflective layer having a relatively higher 
reflectivity than the lower reflector; an upper electrode 
formed on the upper reflector; and a lower electrode 
formed on the bottom portion of the sutjstrate, exclusive 

so of the window region of the substrate. 

[0024] Preferably, the lens layer or the substrate is 
formed of a non-laser absorbing material having a wkJer 
bandgap than the wavelength of the output laser beam, 
and the material is at least one selected from the group 

65 consisting of silicon and a lll-V compound including 
indium phosphide, gallium arsenkJe, indium arsenide, 
gallium phosphkle. indium gallium phosphkle, irxiium 
gallium arsenkje and aluminum gallium arsenide. 
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[0025] Further, according to the present invention 
there is provided a method for manufacturing a combi- 
nation micro-lens and VCSEL, comprising: preparing a 
substrate; forming a low reflector on the substrate to 
have a relatively high reflectivity; forming an active layer 5 
for generating a light beam by combination of electrons 
and holes, on the lower reflector; forming a lens layer of 
a laser-transmitting material on the upper reflector; 
forming an etching mask on the lens layer, the etching 
mask having an opening exposing a window region of 10 
the lens layer to be a micro-lens; preparing a chemical 
etching solution containing an etchant causing diffu- 
sion-limited etching to the lens layer; etching the win- 
dow region of the lens layer exposed by the opening of 
the etching mask in the chemical etching solution into 75 
the micro-lens with convex curvature by d'rffusion of the 
etchant; removing the etching mask; and forming an 
upper electrode on the portion of the lens layer, exclu- 
sive of the window region, and a lower electrode under- 
neath the substrate. 20 
[0026] Further still, according to the present inven- 
tion there is provided a method for manufacturing a 
conrtoination micro-lens and VCSEL according to the 
present invention comprises: preparing a substrate 
formed of a laser-transmitting material; forming a low 25 
reflector on the substrate to have a relatively low reflec- 
tivity; forming an active layer for generating a light beam 
by combination of electrons and holes, on the lower 
reflector; forming an upper reflector on the active layer 
to have a relatively higher reflectivity than the low ref lec- so 
tor; forming an etching mask underneath the substrate, 
the etching mask having an opening exposing a window 
region of the substrate to be a micro-lens; preparing a 
chemical etching solution containing an etchant causing 
diffusion-limited etching to the substrate; etching the as 
window region of the substrate exposed by the opening 
of the etching mask in the chemical etching solution Into 
the micro-lens vwth convex curvature by diffusion of the 
etchant; renroving the etching mask; and forming an 
upper electrode on the surface of the upper reflector, 40 
and a lower electrode on the bottom portion of the sub- 
strate, exclusive of the window region. 
[0027] PreferalDly, the chemical etching solution is a 
bromine solution diluted with deionized water, a mixture 
of hydrogen bromide solution, deionized water and 45 
hydrogen peroxide water, or a mixture of hydrogen bro- 
mide solution, deionized water, and an acid. The solvent 
in the chemical etching solution may be water, or sol- 
vent having a higher viscosity than water, for example, 
glycerine, to retard diffusion of etchant contained so 
therein. 

[0028] For a better understanding of the Invention, 
and to show how embodiments of the same may be car- 
ried into effect, reference will now be made, by way of 
example, to the accompanying diagramn^tlc drawings ss 
In which: 

Figure 1 is a sectional view of an example of a con- 



ventional vertical cavity surface emitting laser 
(VCSEL); 

Figures 2 and 3 are diagrams illustrating a micro- 
lens and a method for manufacturing the micro-lens 
according to an embodiment of the present inven- 
tion; 

Figure 4 illustrates the profile of an example of the 
micro-lens; 

Figure 5 is a diagram for illustrating the principle of 
etching a lens body member into a micro-lens hav- 
ing a convex surface by diffusion of an etchant, 
using an etching mask; 

Figure 6 is a sectional view illustrating a combina- 
tion micro-lens and VCSEL according to a preferred 
embodiment of the present invention; and 

Figure 7 is a diagram illustrating another combina- 
tion micro-lens and VCSEL according to the pre- 
ferred embodiment of the present invention. 

[0029] Referring to Figures 2 and 3, a micro-lens 
according to a preferred embodiment of the present 
invention includes a semiconductor member 10, which 
forms the body of the lens, and a micro-lens curvature 
portion 30 formed by etching a portion of the semicon- 
ductor member 10 exposed through an opening "h" of 
an etching mask put on the semiconductor member 10 
to have a convex surface with curvature by diffusion-lim- 
ited etching. 

[0030] The semiconductor member 10 is formed of 
at least one semiconductor material selected from the 
group consisting of silicon, and a l|l-V compourKi includ- 
ing indium phosphide (InP), gallium arsenide (GaAs). 
indium arsenide (InAs). gallium phosphide (GaP), 
indium gallium phosphide (InGaP), indium gallium arse- 
nide (InGaAs) and aluminum gallium arsenide 
(AIGaAs). 

[0031] Figure 2 Illustrates a state In which the etch- 
ing mask 20 has been formed on the semiconductor 
member 10. For the structure of Figure 2. on a lens 
forming surface of the semiconductor meter 10, a die- 
lectric layer such as a silicon nitride layer or a silicon 
oxide layer is initially deposited to a predetermined 
thickness, for example, to a thickness of about 100 nm. 
[0032] Following this, a photoresist layer Is coated 
on the dielectric layer and subjected to a photolithogra- 
pfiy process to expose a region to be a micro-lens. 
Then, the exposed portion of the dielectric layer is 
etched by reactive ion etching (RIE) and the photoresist 
layer is removed, which results in the etching mask 20 
having the opening "h". 

[0033] The etching nrtask 20 may be formed off pho- 
toresist alone, but preferably the aforementioned dielec- 
tric layer may be used in the formation off the etching 
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mask 20 so as to prevent an etching bath from contam- 
ination by the photoresist during a subsequent wet etch- 
ing process. In addition, the etching mask 20 may be 
formed of a metal substance. 

[0034] The diameter of the opening "h" may be on 
the order of several micrometers to several hundred 
micrometers to be equal to the size of micro-lens to be 
formed. Figure 2 illustrates an example of a circular 
opening "h" for a spherical micro-lens, however, the 
shape of opening "h" may be varied depending to the 
shape of the Intended micro-lens. For example, the 
opening "h" may be formed as a slit for a cylindrical 
micro-lens. In addition, a plurality of openings may be 
formed for a micro-lens an-ay. 

[0035] Next, a chemical etching solution containing 
an appropriate concentration of etchant. which is capa- 
ble of inducing diffusion-limited etching to the semicon- 
ductor member 10, is prepared. The etchant may be 
bromine. When bromine is used as the etchant, diffu- 
sion-limited etching is achieved by diffusion of bromine. 
[0036] For dilution of the chemical etching solution, 
deionized water is used. The chemical etching solution 
which is diluted with deionized water may include a bro- 
mine (Br2) solution diluted with deionized water, a mix- 
ture of hydrogen bromide (HBr) solution, deionized 
water and hydrogen peroxide (H2O2) water, and a mix- 
ture of HBr solution, deionized water, and an acid such 
as nitric acid (HNO3). The hydrogen bromide solution 
means an aqueous hydrogen bromide, i.e., hydrobromic 
acid (HBr* H2O). However, the hydrogen bromide solu- 
tion may be prepared by dissolving hydrogen bromide in 
solvents other than deionized water. 
[0037] When a chemical etching solution containing 
bromine is prepared by reacting a hydrogen bromide 
solution with a reactive solution such as H2O2 water or 
acid, it is preferable that the hydrogen bromide solution 
is diluted with deionized water prior to the addition of the 
reactive solution, such that the reaction between the 
hydrogen bromide solution and the reactive solution 
takes place at a proper rate. 

[0038] Since the present invention relates to wet 
etching based on diffusion of the etchant contained in a 
chemical etching solution, it is desirable to retard the dif- 
fusion of the etchant for easy etching control. To this 
end, a solvent having a higher viscosity than deionized 
water, for example, glycerine, may be used as a diluent 
[0039] The chemical etching solution containing 
glycerine as a solvent may be a mixture of bromine {Bt^ 
and glycerine, a mixture of hydrogen bromide solution, 
glycerine arxJ H2O2 water, or a mixture of hydrogen bro- 
mide solution, glycerine and an acid. 
[0040] After the preparation of the chemical etching 
solution, the semiconductor member 10 with the etching 
mask 20 is immersed in the chemical etching solution 
for a predetermined period of time, for example, for sev- 
eral minutes to several tens of minutes, which allows the 
etchant to etch the exposed portion of the semiconduc- 
tor member 10 through the opening "h" into the micro- 



lens 30 having convex surface, as shown in Figure 3. 
The convex surface of the micro lens 30 is caused by a 
spatial etching rate difference by diffusion of bromine. 
[0041] During the etching process, the chemical 

5 etching solution with the semiconductor member 10 is 
left for reaction without agitation. The curvature of the 
micro-lens 30 is defined by the concentration of chemi- 
cal etching solution and the reaction time. 
[0042] After the micro-lens 30 has been completed, 

10 the dielectric layer used as the etching mask 20 may be 
removed in certain cases. 

[0043] In an experiment conducted by the instant 
inventors, an etching mask was formed on an InP sem- 
iconductor member by depositing a silicon nitride layer 

75 to a thickness of atout 100 nm. and the structure was 
etched in a chemical etching solution for a few minutes, 
for example, 5 minutes, to form a micro-lens. For prepa- 
ration of the chemical etching solution, 20 ml of hydro- 
bromic acid (HBr* H2O. in a concentration of about 48- 

20 50%) was diluted with 200 ml of deionized water, and 
reacted with 10 ml of H2O2 water (in a concentration of 
about 34.02%) for 10 minutes. Then. 400 ml of deion- 
ized water was added to the mixture. Here, the compo- 
sition of the chemical etching solution may be varied. 

25 [0044] The profile of the micro-lens obtained in the 
experiment was measured by Alpha Step 500. which is 
used to measure topology characteristics in semicon- 
ductor device manufacturing processes, and the result 
is shown in Figure 4, As shown in Figure 4. it should be 

30 noted that the micro-lens has a smooth convex surface. 
[0045] Hereinafter, the principle of etching the 
exposed surface of the semiconductor member 10 
through the opening "h" into the convex micro-lens 30 
by diffusion of an etchant 40 will now be described with 

35 reference to Figure 5. 

[0046] As the semiconductor member 10 with the 
etching mask 20 is immersed in a chemical etching 
solution containing the etchant 40, bromine seeking a 
target to etch, enters the opening "h" of the etching 

40 mask 20 by diffusion, and reaches the exposed surface 
of the semiconductor member 10. Because it is more 
likely that bromine is consumed by etching the edge of 
the exposed surface of the semiconductor member 10 
before reaching the center of the exposed surface of the 

45 semicorxluctor member 10, the etching depth to the 
semiconductor member 1 0 is deeper at the edge than at 
the center of the exposed surface of the semiconductor 
member 10. In other words, the etching depth 
decreases in the direction indicated by arrows "d", 

so reaching a minimal level at the center of the exposed 
semiconductor member 10, which results in the micro- 
lens 30 with convex curvature on the semiconductor 
member 10. 

[0047] For control of the diffusion rate of the etchant 
55 40. i.e.. bromine, during the etching process, deionized 
water in addition to a solvent having a higher viscosity 
than deionized water, such as glycerine, may be used 
as a solvent for a chemical etching solution containing 
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bromine. 

[0048] Figure 6 is a sectional view illustrating a pre- 
ferred embodiment of a combination micro-lens and 
VCSEL according to the present invention. Referring to 
Figure 6, the combination micro-lens and VCSEL 5 
includes a substrate 100; a lower reflector 100. an 
active layer 120. an upper reflector 140 and a lens layer 
150 which are sequentially stacked on the substrate 
100; an upper electrode 160 formed on the portion of 
the lens layer 150, exclusive of a window region 180 io 
thereof through which a laser beam is emitted; and a 
lower electrode 1 70 formed underneath the substrate 
100. 

[0049] The substrate 1 00 may be formed of a semi- 
conductor material, such as n<loped GaAs, AIGaAs, is 
InAs, InP. GaP, InGaP. InGaAs or GaR 
[0050] Each of the lower reflector 110 and the 
upper reflector 140 is formed by alternating semicon- 
ductor compounds having different refractive indexes, 
and is doped with different types of impurity. 20 
[0051] For the structure shown in Figure 6, in which 
most of the laser beam is emitted through the upper 
reflector 140, the upper reflector 140 is formed to have 
a relatively lower reflectivity compared to that of the 
lower reflector 110. The reflectivity of reflectors varies 25 
depending on the number of semiconductor conrpound 
layers deposited to form the same. Accordingly, by form- 
ing the upper reflector 1 40 with material layers less than 
those for the lower reflector 110, the reflectivity of the 
upper reflector 140 can be lower than that of the lower 30 
reflector 110. 

[0052] For the aforementioned structure, if the sub- 
strate is doped with n-type impurities, the lower reflector 
110 may be doped with the same n-type impurities but 
the upper reflector 140 is doped with p-type impurities. 35 
[0053] The upper and lower reflectors 140 and 1 10 
induce flow of electrons and holes by the current 
applied through the upper and lower electrodes 160 and 
170, which allows the active layer 120 to generate a 
laser beam, and reflect repeatedly the laser beam gen- 40 
erated in the active region 120, and thus only a laser 
beam in accordance to the resonance conditions emits 
through the upper reflector 140. 
[0054] The active layer 120, a region where a laser 
beam Is generated by energy transition due to the com- 45 
bination of holes and electrons provided through the 
upper and lower reflectors 140 and 110. has a single or 
multiple quantum- well structure or super lattice struc- 
ture. The active layer 120 may be formed of. for exam- 
ple. GaAs. AIGaAs. InGaAs. InGaP and/or AIGaAsP so 
according to the wavelength of output laser beam. 
[0055] Preferably, a high-resistance region 130 Is 
interposed between the active layer 120 and the upper 
reflector 140. which is for guiding flow of current applied 
through the upper electrode 160 into the center of the ss 
active layer 120 for gen ration of light. The high-resist- 
ance region 130 shown in Figure 6 is formed by implan- 
tation with ions such as protons. The high-resistance 



region 130 may be formed by selective oxidation. In the 
selective oxidation, a pre-oxidative layer (not shown) is 
deposited and exposed in an oxygen atmosphere, 
which results in an insulating oxide layer as a high- 
resistance region, at the exposed portion of the pre-oxi- 
dative layer. 

[0056] The I ens layer 1 50, which corresponds to the 
semiconductor member 10 of the micro-lens in Figure 2. 
is formed on the upper reflector 140 to have a predeter- 
mined thickness, for example, a thickness of several 
micrometers. Preferably, the lens layer 150 is formed of 
a compound semiconductor material capable of lattice 
matching with material used for the upper reflector 140. 
and having a relatively wide bandgap to the wavelength 
of the laser beam generated from the VCSEL. so as not 
to absorb, but just transmit the laser beam through the 
upper reflector 140. 

[0057] For example, if the VCSEL is designed to 
emit a laser beam having a wavelength of about 500 to 
900 nm, the lens layer 150 may be formed of InGaP. 
Here, the composition ratio of In and Ga may be varied 
according to the wavelength of the desired output laser 
beam, which has a wavelength of, for example, 850 nm. 
780 nm or 660 nm. 

[0058] Alternatively, if the VCSEL is designed to 
emit a laser beam having a wavelength of about 980 
nm, the lens layer 150 may be formed of GaAs. 
[0059] In addition, according to the wavelength of 
the output laser beam from the VCSEL, the lens layer 
1 50 may be formed of at least one semiconductor mate- 
rial selected from silicon and a Itl-V compound including 
InP, GaAs. InAs. GaP. InGaP and InGaAs. 
[0060] The lens layer 1 50 has a micro-lens 1 55 with 
convex surface in its window region 180 through which 
the laser beam is emitted. The laser beam through the 
lens layer 150 is condensed by a micro-lens 155 and 
emitted through the window region 180. 
[0061] In the combination micro-lens and VCSEL 
according to the present invention, the focal length of 
the output condensed beam Is determined according to 
the curvature of the micro-lens 155 and the thickness of 
the lens layer 150. 

[0062] The upper electrode 160 is formed oh the 
portion of the lens layer 150, exclusive of the window 
portionlSO thereof, and the lower electrode 170 is 
formed underneath the substrate 100. 
[0063] When a fbnvard biased current is applied to 
the combination micro-lens and VCSEL according to 
the present enrtxxJiment of the present Invention 
through the upper and lower electrodes 160 and 170. 
the current Is guided into the center of the active layer 
120 by the high-resistance region 130, and electrons 
and holes from the upper and lower reflectors 140 and 
1 10 combine to generate a light beam In the active layer 
120. The generated light beam is reflected rq3eatedly 
between the upper and lower reflectors 140 and 110 
and thus only a light beam having a particular wave- 
length in accordance with the resonance conditions 
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remains and transmits the upper reflector 140. The light 
beam passed through the upper reflector 140 is con- 
densed by the micro-lens 155 while passing the lens 
layer 150, and then emitted. 

[0064] Thus, the combination micro-lens and 
VCSEL according to the present invention eliminates 
the need for optical axis alignment with respect to a sep- 
arate condensing lens, which is required in the conven- 
tional VCSEL for combination with the separate 
condensing lens. Thus, the combination micro-lens and 
VCSEL according to the present invention ensures effi- 
cient coupling between the laser beam from the VCSEL 
and the optical element of an optical system such as an 
optical transmission system or an optical head for a 
recording/playback apparatus. The optical transmission 
system is suitably a system which provides optical com- 
munications via an optical cable and interfaces using 
optical signals. 

[0065] When the combination micro-lens and 
VCSEL according to the present invention is adopted for 
interfacing using optical signals within undefined space, 
the degree of freedom in arrangement of optical trans- 
mitting and receiving portions increases and a photode- 
tector having a relatively small light receiving area can 
be adopted, which allows for rapid optical sigr^l trans- 
mission and reception. Also, the combination micro-lens 
and VCSEL according to the present invention can be 
constructed in an array including or excluding a photo- 
detector in a more compact structure. 
[0066] Hereinafter, a method for manufacturing a 
combination micro-lens and VCSEL according to a pre- 
ferred embodiment of the present invention will new be 
described. Initially, the substrate 100 is prepared. Next, 
the lower reflector 1 10 having a relatively high reflectiv- 
ity, the active layer 120 for producing a light beam by 
electron/hole pairs, the upper reflector 140 having a rel- 
atively low reflectivity, and the lens layer 150 formed of 
a non-laser absorbing material to have, for example, a 
thickness of several micrometers, are sequentially 
stacked on the substrate 100. which results in the basic 
frame of the surface emitting laser shown in Figure 6. 
[0067] Following this, an etching mask is formed 
having an opening which defines the shape of the 
micro-lens 155 to be formed on the lens layer 150. For 
the formation of the etching masK an etching mask 
layer is deposited on the lens layer 150, and partially 
etched to form the opening exposing the window region 
180 of the lens layer 150. 

[0068] The diameter of the opening varies from sev- 
eral micrometers to several hundred micrometers to be 
equal to the size of the desired micro-lens 155. In addi- 
tion, the shape of the opening varies deperxling on the 
shape of the micro-lens 155, and further depending on 
the shape of the window region 1 80. 
[0069] In the case of manufacturing a combination 
micro-lens and VCSEL array, the nunr^er of openings 
can be increased according to the desired VCSEL array 
structire. 



[0070] The etching mask with the opening is sub- 
stantially the same as that in Figures 2 and 3, which 
have been referred to describe the formation of the 
micro-lens, and thus an illustration arxi description 

5 thereof will not be repeated. 

[0071] Thereafter, a chemical etching solution con- 
taining an appropriate concentration of etchant capable 
of etching the lens layer 1 50 by diffusion-limited etching 
is prepared. The structure with the etching mask is 

10 immersed in the chemical etching solution for a prede- 
termined period of time, for example, for several minutes 
to several tens of minutes, which allows the etchant to 
etch the exposed surface of the lens layer 150. resulting 
in the micro-lens 1 55 having a convex surface. 

IS [0072] The usable chemical etching solution and 
the principle of etching the lens layer 150 through the 
opening into the convex micro-lens 155 by diffusion of 
etchant of the chemical etching solution is substantially 
the same as those described with reference to Figures 

20 2 through 5, and thus a detailed description thereof will 
not be repeated. 

[0073] After the micro-lens 155 having a desired 
curvature has been formed at the lens layer 150 using 
the chemical etching solution, the etching mask is 

25 removed by, for example, reactive ion etching (RIE). 
[0074] Then, the upper electrode 160 is formed on 
the portion of the lens layer 150, exclusive of the win- 
dow region 180 having the micro-lens 155. and the 
lower electrode 170 is formed underneath the substrate 

30 100. so that the combination micro-lens and VCSEL 
according to the present invention shown in Figure 6 is 
completed. 

[0075] In the foregoing embodiment, if an etching 
mask formed of a metal is used, the etching mask need 
35 not be removed such that it can serve as a base layer for 
the upper electrode 160 or as the upper electrode 160 
itself. 

[0076] Figure 7 is a sectional view illustrating 
another preferred embodiment of the combination 

40 micro-lens and VCSEL according to the present inven- 
tion, wherein like reference numerals have been 
retained if or elements having the same function and 
structure as those of Figure 6. Refen-ing to Figure 7. the 
combination micro-lens arxj VCSEL includes a sub- 

45 strata 200 having a window region 280, which is formed 
of a material capable of transmitting a laser beam hav- 
ing a desired wavelength; a lower reflector 200. the 
active layer 120 and an upper reflector 240 which are 
sequentially stacked on the substrate 200; an upper 

50 electrode 260 formed on the upper reflector 240; and a 
lower electrode 270 formed underneath the portion of 
the substrate 200, exclusive of the window region 280 
through which the laser beam is emitted. As shown in 
Rgure 7. the combination micro-lens and VCSEL 

55 according to this embodiment of the present invention is 
characterized in that the laser beam is emitted through 
the substrate 200. 

[0077] For the structure having the foregoing fea- 
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ture, the lower reflector 210 is formed to have a lower 
reflectivity than the upper reflector 240. For example, by 
forming the lower reflector 210 to include fewer layers 
than those for the upper reflector 240. the lower reflector 
210 having a relatively low reflectivity compared to that 
of the upper reflector 240 can be formed, which allows 
the lower reflector 210 to transmit most of the laser 
beam. The material used to form the upper and lower 
reflectors 240 and 210, and the stack structure thereof 
are the same as those illustrated with reference to Fig- 
ure 6, and thus a detailed description thereof will not be 
repeated. 

[0078] Similar to the lens layer 1 50 shown in Figure 
6, preferably, the substrate 200, through which the laser 
beam from the lower reflector 210 is emitted, is formed 
of a material having a wider bandgap than the wave- 
length of the output laser beam, such that absorption of 
the laser beam by the substrate 200 almost does not 
occur. 

[0079] A micro-lens 205 is formed in the window 
region 280 of the substrate 200 through which the laser 
beam is emitted. The principle of forming the micro-lens 
205 in the substrate 200 by diffusion-limited etching is 
substantially the same as in the micro-lens formation 
illustrated with reference to Figures 2 through 5, and 
thus a detailed description thereof will not be repeated. 
[0080] When a fonvard biased current is applied to 
the combination micro-lens and VCSEL shown in Figure 
7 through the upper and lower electrodes 260 and 270, 
a current is guided into the center of the active layer 1 20 
by the high-resistance region 130, and electrons and 
holes from the upper and lower reflectors 240 and 210 
combine to generate a light beam in the active layer 
120, The generated light beam is reflected repeatedly 
between the upper and lower reflectors 240 and 210 
and only a light beam having a particular wavelength in 
accordance with the resonance conditions remains and 
transmits the lower reflector 210. The light beam 
passed through the lower reflector 210 is condensed by 
the micro-lens 205 while passing the substrate 200, and 
then emitted. 

[0081 ] Another embodiment of the method for man- 
ufacturing the combination micro-lens and VCSEL 
shown in Figure 7 will now be described. Initially, the 
substrate 200 formed of a material that does not absorb 
a laser beam having a desired wavelength is prepared. 
Next, the lower reflector 210 having a relatively low 
reflectivity, the active layer 120, and the upper reflector 
240 having a relatively higher reflectivity than the lower 
reflector 210 are sequentially stacked on the substrate 
200. which results in the basic frame of the surface 
emitting laser shown in Figure 7. 
[0082] Following this, the micro-lens forming proc- 
ess illustrated with reference to Figures 2 through 5 is 
applied to form the micro*lens 205 having convex sur- 
face on the bottom of the substrate 200 by etching the 
wifKlow region 280 of the substrate 200 by diffusion of 
etchant. 



[0083] Then, the upper electrode 260 is formed on 
the upper reflector 240 and the lower electrode 270 is 
formed at the bottom portion of the substrate 200. exclu- 
sive of the window region 280 having the micro lens 

5 205. so that the combination micro-lens and VCSEL 
according to Figure 7 is completed. 
[0084] As desaibed above, the high-quality micro- 
lens according to the present invention can be manufac- 
tured by simple diffusion-limited etching. Also, the com- 

10 bination micro-lens and VCSEL according to the 
present invention, in which the micro-lens for condens- 
ing output laser beam is formed at a light emitting sur- 
face of a VCSEL, can eliminate the need for alignment 
of a separate condensing lens with the optical axis of 

15 the output laser beam. 

[0085] Thus, the combination micro-lens and 
VCSEL according to the present invention can be 
applied to optical systems such as optical transmission 
systems and optical heads for recording/playback appa- 

20 ratuses. without additional steps for alignment of optical 
axis, thereby reducing the optical system building cost. 
[0086] While this invention has been particularly 
shown and described with reference to preferred 
embodiments thereof, it will be understood by those 

25 skilled in the art that various changes in form and details 
may be made therein without departing from the and 
scope of the invention as defined by the appended 
claims. 

[0087] The reader's attention is directed to all 

30 papers and documents which are filed concurrently with 
or previous to this specification in connection with this 
application and which are open to public inspection with 
this specification, and the contents of all such papers 
and documents are incorporated herein by reference. 

35 [0088] All of the features disclosed in this specifica- 
tion (including any accompanying claims, akjstract and 
drawings), and/or all of the steps of any method or proc- 
ess so disclosed, may be combined in any combination, 
except combinations where at least some of such fea- 

40 tures and/or steps are mutually exclusive. 

[0089] Each feature disclosed in this specification 
(including any accompanying claims, alDstract and 
drawings), may be replaced by alternative features 
serving the same, equivalent or similar purpose, unless 

45 expressly stated othenwse. Thus, unless expressly 
stated othenwise, each feature disclosed is one example 
only of a generic series of equivalent or similar features. 
[0090] The invention is not restricted to the details 
of the foregoing embodimerTt(s). The invention extend to 

50 any novel one. or any novel conrtbination, of the features 
disclosed in this specification (including any accompa- 
nying claims, abstract and drawings), or to any novel 
one, or any novel con^ination. of the steps of any 
method or process so disclosed. 

55 

Claims 

1 . A micro-lens comprising: 
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a lens body member (10); and 

a micro-lens surface (30) having a curvature, 
formed by etching the lens body member (10) 
to have convex surface by diffusion-limited 5 
etching using an etching mask (20) having an 
opening exposing a portion of the lens body to 
be the micro-lens. 

2. The miCTO-lens of claim 1. wherein the lens body io 
member (10) is formed of at least one semiconduc- 
tor material selected from the group consisting of 
silicon and a lll-V compound including indium phos- 
phide, gallium arsenide, indium arsenide, gallium 
phosphide, indium gallium phosphide, indium gal- is 
Hum arsenide and aluminum gallium arsenide. 



8. The method of claim 7. wherein the chemical etch- 
ing solution is one selected from the group consist- 
ing of a mixture of bromine and glycerine, a mixture 
of hydrogen bromide solution, glycerine and hydro- 
gen peroxide water, and a mixture of hydrogen bro- 
mide solution, glycerine and an acid. 

9. The method of claim 6 or 8. wherein the acid is 
nitric add. 

10. A combination micro-lens and vertical cavity sur- 
face emitting laser (VCSEL), in which a laser beam 
generated through a VCSEL is condensed and 
emitted through a micro-lens, comprising: 

a substrate (100); 



3. A method for manufacturing a micro-lens compris- 
ing: 

20 

forming an etching mask (20) having an open- 
ing (h) exposing a portion of a lens body mem- 
ber (10) to be the micro-lens, on the lens body 
member (10); 

25 

preparing a chemical etching solution contain- 
ing an etchant causing diffusion -limited etching 
to the lens body member (10); and 

etching the lens body member (10) in the 3o 
chemical etching solution such that the surface 
of the lens body member (10) exposed by the 
opening (h) of the etching mask (20) becomes 
convex. 

35 

4. The method of claim 3, wherein the lens body mem- 
ber (10) is formed of at least one semiconductor 
material selected from the group consisting of sili- 
con and a lll-V compourxJ including indium phos- 
phide, gallium arsenide, indium arsenide, gallium 40 
phosphide, indium gallium phosphide, indium gal- 
lium arsenide and aluminum gallium arsenide. 

5. The method of claim 3 or 4. wherein the diffusion- 
limited etching is achieved by diffusion of bromide. 4S 

6. The method of claim 5, wherein the chemical etch- 
ing solution is one selected from the group consist- 
ing of a bromine solution diluted with deionized 
water, a mixture of hydrogen bromide solution, so 
deionized water and hydrogen peroxide water, and 

a mixture of hydrogen bromide solution, deionized 
water, and an acid. 

7. The method of any of claims 3 to 5. wherein the ss 
chemical etching solution contains a solvent having 

a higher viscosity than water to retard diffusion of 
etchant contained therein. 



a lower reflector (1 10) formed on the substrate, 
the lower reflector having a relatively high 
reflectivity; 

an active layer (120) formed on the lower 
reflector (110). for generating a light beam by 
combination of electrons and holes; 

an upper reflector (140) formed on the active 
layer (120), the upper reflective layer having a 
relatively lower reflectivity than the lower reflec- 
tor; 

a lens layer (150) having the micro-lens (180) 
with a curvature, formed by deF>ositing a laser- 
transmitting material on the upper reflector 
(140) and etching a window region of the lens 
layer through which the light beam is emitted, 
to have the surface curvature by diffusion-lim- 
ited etching; 

an upper electrode (160) formed on the portion 
of the lens layer (150), exclusive of the window 
region of the lens layer; and 

a lower electrode (170) formed underneath the 
substrate (100). 

11. The combination micro-lens and VCSEL of daim 
10, wherein the lens layer (150) is formed of a non- 
laser absorbing material having a wider t>andgap 
than the wavelength of the output laser beam, and 
the material is at least one sheeted from the group 
consisting of silicon and a lll-V conpound induding 
indium phosphide, gallium arsenide, indium arse- 
nide, gallium phosphide, indium gallium phosphide, 
indium gallium arsenide and aluminum gallium 
arsenide. 

12. A combination micro-lens and vertical cavity sur- 
face emitting laser (VCSEL), in which a laser beam 
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generated through a VCSEL is condensed and 
emitted through a micro-lens, comprising: 

a substrate (200) having the micro-lens (270) 
with a curvature, formed of a laser-transmitting 5 
material and a window region of substrate 
through which the light beam is emitted, being 
etched to have the surface curvature by diffu- 
sion-limited etching; 

10 

a lower reflector (210) formed on the substrate, 
the lower reflector having a relatively low reflec- 
tivity; 

an active layer (120) formed on the lower is 
reflector, for generating a light beam by combi- 
nation of electrons and holes; 

an upper reflector (240) formed on the active 
layer, the upper reflective layer having a rela- 20 
tively higher reflectivity than the lower reflector; 

an upper electrode (250) formed on the upper 
reflector; and 

25 

a lower electrode (270) formed on the bottom 
portion of the substrate, exclusive of the win- 
dow region of the substrate. 

13. The combination micro-lens and VCSEL of claim 30 
14. wherein the substrate (200) is formed of a non- 
laser absort^ng material having a wider bandgap 
than the wavelength of the output laser beam, and 
the material is at least one selected from the group 
consisting of silicon and a lll-V conrpound including 35 
indium phosphide, gallium arsenide, indium arse- 
nide, gallium phosphide, indium gallium phosphide, 
indium gallium arsenide and aluminum gallium 
arsenide. 

40 

14. A method for manufacturing a combination micro- 
lens and vertical cavity surface emitting laser 
(VCSEL), comprising: 

preparing a substrate (1 00); 45 

forming a lower reflector (1 10) on the substrate 
to have a relatively high reflectivity; 

forming an active layer (120) for generating a so 
light beam by combination of electrons and 
holes, on the lower reflector; 

forming a lens layer (150) of a laser-transmit- 
ting material on the upper reflector; ss 

forming an etching mask (20) on the lens layer, 
the etching mask having an opening exposing 



a window region of the lens layer to be a miao- 
lens; 

preparing a chemical etching solution contain- 
ing an etchant causing diffusion-limited etching 
to the lens layer (150); 

etching the window region of the lens layer 
(150) exposed by the opening of the etching 
mask (20) in the chemical etching solution into 
the micro-lens with convex curvature by diffu- 
sion of the etchant; 

removing the etching mask (160); and 

forming an upper electrode (160) on the portion 
of the lens layer, exclusive of the window 
region, and a lower electrode underneath the 
substrate. 

1 5. The method of claim 1 4, wherein the diffusion -lim- 
ited etching is achieved by diffusion of bromide. 

1 6. The method of claim 15. wherein the chemical etch- 
ing solution is one selected from the group consist- 
ing of a bromine solution diluted with deionized 
water, a mixture of hydrogen bromide solution, 
deionized water and hydrogen peroxide water, and 
a mixture of hydrogen bromide solution, deionized 
water, and an acid. 

17. The method of claim 14. wherein the chemical etch- 
ing solution contains a solvent having a higher vis- 
cosity than water to retard diffusion of etchant 
contained therein, 

18. The method of claim 17, wherein the chemical etch- 
ing solution is one selected from the group consist- 
ing of a mixture of bromine and glycerine, a mixture 
of hydrogen bromide solution, glycerine and hydro- 
gen peroxide water, and a mixture of hydrogen bro- 
mide solution, glycerine and an acid. 

1 9. A method for manufacturing a combination micro- 
lens and vertical cavity surface emitting laser 
(VCSEL). comprising: 

preparing a substrate (200) formed of a laser- 
transmitting material; 

forming a low reflector (210) on the substrate to 
have a relatively low reflectivity; 

forming an active layer (120) for generating a 
light beam by combination of electrons and 
holes, on the lower reflector; 

forming an upper reflector (240) on the active 
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layer to have a relatively higher reflectivity than 
the low reflector: 

forming an etching rrask (20) underneath the 
substrate, the etching mask having an opening s 
exposing a window region of the substrate to 
be a micro-lens; 

preparing a chemical etching solution contain- 
ing an etchant causing diffusion-limited etching io 
to the substrate (200); 

etching the window region of the substrate 
exposed by the opening of the etching mask in 
the chemical etching solution into the micro- is 
lens with convex curvature by diffusion of the 
etchant; 

removing the etching n^sk; and 

forming an upper electrode (250) on the sur- 
face of the upper reflector, and a lower elec- 
trode (270) on the bottom portion of the 
sul>strate, exclusive of the window region. 

20. The method of daim 19, wherein the diffusion-lim- 
ited etching is achieved by diffusion of bromide. 

21 . The method of claim 20, wherein the chemical etch- 
ing solution is one selected from the group consist- 
ing of a bromine solution diluted with deionized 
water, a mixture of hydrogen bromide solution, 
deionized water and hydrogen peroxide water, and 
a mixture of hydrogen bromide solution, deionized 
water, and an acid. 

22. The method of claim 19, wherein the chemical etch- 
ing solution contains a solvent having a higher vis- 
cosity than water to retard diffusion of etchant 
contained therein. 

23. The method of claim 22. wherein the chemical etch- 
ing solution is one selected from the group consist- 
ing of a mixture of bromine and glycerine, a mixture 
of hydrogen bromide solution, glycerine and hydro- 45 
gen peroxide water, and a mixture of hydrogen bro- 
mide solution, glycerine and an acid. 
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FIG. 2 
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FIG. 4 




FIG. 5 
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FIG. 6 
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FIG. 7 
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